curement on the Plains has demonstrated that prehistoric Pecos farmers annually could supply Plains hunter-gatherers with a significant caloric contribution (three months of calories), while Plains populations could supply Pecos with most of their meat protein (Spielmann 1982) .
Specifically, the hypothesis tested in this study is that traded bison meat replaced rather than supplemented local mule deer as the primary animal protein source in the Pecos diet. This hypothesis was generated from results of the simulation and from faunal data from Pecos and Gran Quivira, another eastern-border trading pueblo. The simulation indicated that trade for meat was not particularly beneficial for the Pecos population in terms of reducing risk or procurement costs, unless local meat resources were being stressed (i.e., over hunted), and were consequently not available in adequate quantities.
Faunal data are also suggestive. Kidder mentions that bison bone increased substantially at Pecos beginning in deposits dating to about A.D. 1475 (Kidder 1932:196) . Unfortunately, Kidder does not quantify this increase or discuss whether mule deer bone decreased as bison increased.
At Gran Quivira, there is an increase in bison bone similar to that at Pecos in the late fifteenthearly sixteenth-century middens (Spielmann 1988) . Further, Gran Quiviran bison bone increases in frequency as antelope, the local large game animal, decreases. Even so, bison bone is never abundant at Gran Quivira, and is comprised primarily of ribs, bones that could have been riders on slabs of jerked meat (see Binford 1978) .
The second development that affected the Pecos food supply was the arrival of Spanish colonists in the 1600s and the establishment of a system of land grants. The recipients of a grant were given access to the labor and products of Pueblo populations on their land. One aspect of the system that could have affected Pueblo subsistence significantly was the exaction of Pueblo labor for various projects directed by the Spaniards. This significantly curtailed Pueblo labor in their own fields (Kessell 1979; Scholes 1936 Scholes -1937 Spielmann 1989) , reducing crop production both for Pecos itself and for trade with Plains populations. Compounding this problem was the fact that tribute payments of goods to the Spaniards were exacted in hides, especially bison hides. It is hypothesized that this demand would have shifted the Plains-Pueblo exchange system from an emphasis on the acquisition of meat to an emphasis on hides in those years that the Pueblo farmers had enough surplus maize to trade. Possible support for this shift can be found in statements referring to Plains-Pueblo trade in the 1660s, which report that Apaches came to the Pueblos to trade hides (Kessell 1979) . Meat is not mentioned at all, in stark contrast to documents from the mid-sixteenth to the early seventeenth centuries, which always listed meat and fat as Plains trade items (e.g., Hammond and Rey 1953, 1966 ; Winship 1896). Moreover, Spanish participation in Plains trade also disrupted the prehistoric Plains-Pueblo trade system (Spielmann 1989 ).
The hypothesis we tested with regard to Spanish changes in the Pecos subsistence system is that the combination of demands for labor and bison hides reduced both the amount of meat and also the amount of maize in the Pecos diet after A.D. 1600, forcing the population to rely on gathered foods such as pinyon nuts and wild seeds. While the Spaniards did introduce domestic animals into New Mexico, domestic livestock was raised largely by the Spanish friars for export to northern Mexico to pay for church furnishings (Scholes 1936 (Scholes -1937 Spielmann 1989) .
In order to address these issues, several aspects of bone composition were used. An estimation of whether the relative contribution of meat and vegetables to Pecos diets changed over time was made by measuring the concentration of strontium in the mineral portion of bone tissue (Schoeninger 1979; Sillen and Kavanagh 1982) . Since animals discriminate against strontium in favor of calcium during passage of the two elements across the wall of the gut, the concentration of strontium in the bones of an herbivore is approximately four times lower than in the equivalent amount of plant tissue. Of the strontium that crosses the gut, over 90 percent is stored in bone (Comar and Wasserman 1964), thus, the flesh of a herbivore has far less strontium than is stored in its skeleton. Therefore, a carnivore eating herbivore flesh has lower strontium levels in its skeleton than occur in herbivore bone due to the reduced amounts in the carnivore diet and the continued discrimination in favor of calcium. Omnivores such as humans are expected to manifest concentrations of strontium in bone that are intermediate between those of herbivores and carnivores, in proportion to the relative amounts of plant and animal foods in their diet.
Since the absolute amount of strontium incorporated in bone ultimately is dependent upon the baseline levels in soil, those soils with low baseline levels produce plants and fauna with strontium concentrations significantly lower than are produced in the same species in areas with higher baseline levels (Comar and Wasserman 1964) . Analyses of modern fauna from several regions around the world indicate that in some cases the bone-strontium levels are around 100 ppm (Schoeninger 1981) , while in others they may exceed 1,000 ppm . Thus, use of bone-strontium levels as estimators of absolute percentages of dietary components must be restricted to areas in which the baseline strontium levels are known and in which the flora and fauna have been analyzed (Schoeninger 1979; Sillen et al. 1989) . This is especially critical in the United States Southwest where baseline levels are known to vary markedly (Sillen and Kavanagh 1982) . Because baseline soil levels were not measured for the area surrounding Pecos, and because only a few fauna were available for analysis, our interpretations of the bone-strontium data necessarily were limited to investigation of changes between time periods. If the relative amount of meat vs. plants in the human diet at Pecos changed between time periods, it was assumed that the strontium in human bones also would change through time.
Another method that has been proposed for estimating the meat to vegetable proportions in human diet involves a comparison of the nitrogen stable-isotope ratios in human bone collagen with those ratios in bone collagen of known carnivores and herbivores (Schoeninger 1985) . This proposal was based on the well-documented trophic-level separation in marine vertebrates (Schoeninger and DeNiro 1984; Wada 1980) , and on data suggesting that the same separation occurs in terrestrial vertebrates (Schoeninger 1985; Schoeninger and DeNiro 1984) . The isotopic data presented in Table 1 , however, indicate that those plants eaten by the people at Pecos do not differ from faunal values in nitrogen-isotope ratios. Further, there was no difference in nitrogen-isotope ratios between the carnivores and herbivores analyzed in this study. This suggests a complexity in nitrogen cycling recognized in other studies (Ambrose and DeNiro 1986; Sealy et al. 1987) . As an aside, it is interesting to note that even though the animals in the present study live in an area of restricted rainfall, they do not display the extremely high 6-5N values reported from similar areas in Africa (Heaton et al. 1986 ). Clarification of this discrepancy obviously will require additional research. In any case, S5N values cannot be applied in estimating the meat:vegetable proportions of diet and are presented here in partial refutation of the original proposal (Schoeninger 1985) .
Carbon stable-isotope ratios ('3C/'2C) were used to evaluate whether changes in the quantity of maize in the diet actually occurred. Maize is relatively enriched in the 13C isotope relative to '2C when compared with edible wild plants (with the exception of amaranth) in the Pecos area (see Table 1 . Thus, both mule deer and antelope diets are dominated by species not enriched in '3C. Consequently, changes in the ratio of 13C to '2C can be used to monitor changes in the quantities of maize and/or bison in the Pecos diet. In theory, strontium data can be of assistance in determining whether carbon-isotope differences among periods are due to changes in maize as opposed to changes in bison consumption.
MATERIALS AND METHODS
The population recovered from Pecos Pueblo consisted of approximately 500 skeletons excavated from the trash mounds and rooms under the direction of A. V. Kidder (1924, 1932) . Of these, over 100 skeletons were included in the present study. The skeletons are housed at the Peabody Museum, Harvard University. They are in an excellent state of preservation, in part because the burials as a group were fairly well preserved, but also due to the fact that E. A. Hooton, the person in charge of the initial analyses of the burials, had only the well-preserved burials sent to Harvard for study (Hooton 1930:16) . Both sexes and all age groups were represented in the burial population. The best preserved were those of adults, therefore only adults were used for this analysis.
Several tests for diagenic alteration were performed following protocols developed recently Schoeninger et al. 1989) . The bone chosen for analysis had not been treated with preservatives. Thin sections were prepared from a representative set of the skeletons following Stout (1978) and Hanson and Buikstra (1987) . When viewed under plane and also polarized light, the sections exhibited good histological structure; none of the sections displayed alteration to any great extent. Powder X-ray diffraction patterns indicated that little alteration in crystal size had occurred. The preceding, in conjunction with the observation that the majority of samples retained over 25 [1988] ), it is insignificant when compared to the variation due to metabolic differences among individuals (Schoeninger 1981) , and both sources of variation are small relative to those produced by different diets. Moreover, the results from studies of variation among bones of individual rabbits (Schoeninger 1981) and individual humans indicate that the choice of bone should not affect the results of this study. Cancellous bone was removed mechanically from each bone sample because it tends to trap soil. The remaining cortical bone was then cleaned with double distilled water in an ultrasonic cleaner. After drying to a constant weight at room temperature, the bone was ground in a ball mill grinder or by hand with a mortar and pestle, taking care to avoid heating the bone. Sample preparation was the same as described previously (Schoeninger 1981) . Bone samples were analyzed for strontium and calcium by nitrous oxide/acetylene flame atomic absorption spectrometry using a Perkin-Elmer 403 spectrophotometer.
Carbon and Nitrogen Stable-Isotope Analysis
Over 80 samples of human bone, faunal bone, and plants were prepared for isotopic analysis. The human and faunal bones were recovered during excavations at Pecos Pueblo. The plant samples are modem specimens collected from nonfertilized areas near the site of Pecos (Wilma Wetterstrom, personal communication 1986). Organic material (referred to as collagen in this paper) was extracted from bone following procedures described previously (Schoeninger and DeNiro 1984) . Only bone samples with organic residues that were over five percent of the original bone weight (fresh bone yields about 25 percent organic residue) and that had atomic carbon:nitrogen ratios between 2.6 and 3.4 were analyzed. Bone samples with lower percentage organic residue and different C:N ratios have been shown to have delta values that are not reflective of biological values (Schoeninger and DeNiro 1982) .
Collagen samples and dried plant samples (listed in Table 1 ) were combusted in quartz tubes at 800?C with excess cupric oxide, elemental copper, and silver wire. The resulting CO2 and N2 were separated and purified in a vacuum system by cryogenic distillation prior to determination of their isotope ratios by mass spectrometry. Because the concentration of 13C in the biosphere is very low, the ratio ('3C/12C) cannot be measured directly. Rather, in the manner followed in this paper, the ratio is represented as a delta (6) 
RESULTS

Strontium
The results of the strontium analyses are presented in Table 2 and Figure 2 . Figure 2 illustrates the data grouped into three culturally meaningful clusters (pretrade, trade, and Spanish Contact) as discussed previously. There is virtually no difference in bone-strontium concentrations among the grouped ceramic periods. All of the means from the individual periods fall within one standard deviation of one another. The average of the bone-strontium levels in the total sample (N = 103) is 340 ppm (s.d. = 60, coefficient of variation = 17 percent, range = 200-500 ppm). The range of variation is about 150 ppm larger than that observed within a single population of mink all raised on the same diet. The range is also larger than that observed in a set of 44 Dutch whalers (range = 210 ppm Sr), who presumably had somewhat more dietary variation than was true for the mink . Even so, the similarity of the mean strontium concentrations among ceramic periods suggests that for the population as a whole, little change occurred through time in the amount of meat vs. vegetable material in the human diet.
The variation that does exist cannot be attributed to differences in diet of males vs. females. Of those burials that have been sexed (n = 68; identification taken from Ruff [1981] , personal com-munication 1984; R. Tague, personal communication 1985), the difference between males and females in bone-strontium content is not significant. In sum, these results are consistent with a hypothesis predicting no change in overall meat intake as traded bison replaces depleted local mule deer in the Pecos diet.
Carbon and Nitrogen Isotope Ratios
As seen in Table 2 and in Figure 3 , there is virtually no change in the stable-isotope ratios through time at Pecos Pueblo. The average 6'5N value is around 9%'o in each of the 7 ceramic periods. The range of variation in each period is about 2%o, which is the same magnitude as that previously observed in animals on monotonous diets (2%oo; DeNiro and . The small coefficients of variation (labeled V in Table 2 ) support the interpretation of dietary consistency both within and between cultural periods.
The same can be said of the carbon-isotope data. With the exception of ceramic Period VI, the average 613C value is around -7.6%oo. Again, the range of variation is virtually identical to that previously observed in animals raised on monotonous diets (DeNiro and . As shown in Figure 3 , however, the human samples from Period VI have carbon delta values that are less positive than those from earlier periods; the distribution is also different. The possible significance of this will be discussed later.
The 
DIET RECONSTRUCTION USING FOOD-COMPONENT DATA
The purpose of this section is to provide an estimate of the combinations of food items available to the Pecos inhabitants that could have produced the bone-composition results measured by our analyses. In addition, the significance of the apparent shift in the carbon-isotope ratio in Period VI is evaluated.
A basic technique for dietary reconstruction using isotope values for foods from the Pecos area was developed. It is likely that a number of hypothetical diets could produce the same stable-isotope values measured in the Pecos skeletal material. Thus, the aim in the present study is to define ranges of quantities of particular dietary items (e.g., maize, mule deer) that would be compatible with the bone-composition data. In addition, identification of foods and food quantities that are clearly incompatible with the isotopic values in bone also is attempted. Finally, those dietary items that appear to change significantly in quantity by Period VI in Pecos' occupation are identified. The conclusions derived from this portion of the analysis are to be considered hypotheses for further testing using archaeological data from Pecos and additional chemical and isotopic analyses of Pecos skeletal material.
Diets were modeled by varying percentages of four food items that previous research by Wetterstrom (1986) Table 3 as a list of food items expected at Pecos Pueblo.
Wetterstrom concluded that at Arroyo Hondo, maize could have been produced in sufficient quantities to provide up to 100 percent of required calories during years with moderate rainfall. Thus, it is reasonable to assume that in most years the inhabitants at Pecos could have produced sufficient maize to meet energy needs. In fact, as discussed above, the people of Pecos produced enough maize to use in trading for bison meat with Plains-dwelling hunter-gatherer groups. This is not a suggestion that maize actually provided all of the calories in the diet of the inhabitants at Pecos. Given the well-documented nutritional insufficiencies of a total maize diet, it is considered unlikely that the inhabitants of Pecos subsisted on a monotonous diet of maize.
Wetterstrom's (1986) estimates for other food items are used here as suggestions for potential quantities of cultivated and wild items in the Pecos diet. However, our diet-reconstruction calculations evaluated a wide range of quantities of different food types (see below). Wetterstrom (1986) reports that enough beans could have been grown to provide up to 20 percent of total required calories, yet she cites ethnographic evidence arguing against the consumption of such a large amount of beans. For this reason, she suggests that only a small fraction of the calories would have come from beans. Wetterstrom considers that squash is "unimportant" (less than 1 percent of total calories) because it does not grow well in the area surrounding Arroyo Hondo. She suggests that some of the weedy annuals (e.g., chenopodium, amaranth, and beeweed) could have provided between 2.5 and 15 percent of total calories because they are ubiquitous in disturbed environments in the area. Sunflower, wild cactus fruits, and Indian rice grass are thought to be unimportant based on ethnographic evidence, even though they probably were eaten in certain seasons. In contrast, pinyon could have been a substantial source (up to 15 percent) of calories. Even though good yields can be expected only once every four to seven years, the nuts can be stored and thus used over a period . Carbon and nitrogen stable-isotope ratios in human bone collagen from all periods of occupation at Pecos Pueblo (Black-on-white-VI). There appears to be no variation in nitrogen stable-isotope ratios associated with time period, which is probably due to the lack of variation in nitrogen-isotope ratios among food items (see Table 1 A couple of interesting points arose in compiling these data. First, in previous reports beans have been expected (though not analyzed in most cases) to have a 615N value near 0%O (DeNiro and Epstein [1981] , among others) because legumes have the ability to fix atmospheric nitrogen with a delta value of zero whereas other plants utilize nitrogen in soil with an average value of + 6%oo (Wada 1980; Wada et al. 1975 ). The beans analyzed in the present study have an isotope ratio of +55%Oo, close to that of other plants, which indicates that they were using soil nitrogen rather than fixing atmospheric nitrogen. Thus, the consumption of beans at Pecos will not be reflected in the nitrogenisotope ratio of human bone collagen because they cannot be distinguished isotopically from other plants. Second, the range of carbon-isotope values in the bison collagen samples is unexpectedly large (-11.9 to -7.8%oo in collagen; Note, the values given in Table 1 are for bison meat, not collagen). The six samples analyzed were obtained from three sites: Pecos, Henderson, and Tierra Blanca. In the following discussion, the average of the six collagen values (-9.5) was used in estimating the stable carbon-isotope ratio in bison meat as -11.5%o.
From Table 1 , it can be seen that certain plants are isotopically similar to each other, and cannot Table 3. be distinguished from one another using bone collagen stable-isotope ratios. For the purposes of modeling, the contribution of these plants (chenopodium, beans, and pinyon) was grouped into a single, nonmaize plant category. Thus, the diets constructed include four items: maize ( Using the data in Table 1 , it is possible to estimate the stable-isotope ratios of nitrogen and carbon that would be produced in the bone collagen of humans eating particular combinations of these four food items. For example, a diet in which the caloric distribution was 75 percent maize, 5 percent nonmaize plants, 10 percent mule deer, and 10 percent bison would produce the weighted 613C and weighted L5'N values listed in Table 4 Table 4 . The delta value of each food item is multiplied by the percent calories inthe diet in order to estimate the nrelative contribution of that food item to the S13C value of the total diet. In theory, carbon atoms can be obtained through the metabolism of carbohydrates, lipids, and proteins, since all these molecules contain carbon. We are following Lehninger's (1975: 372) model of metabolism in which a limited number of precursors produced during catabolism of all three components are used in biosynthesis. For this reason, the weighting used for estimating the carbon delta value is calculated using total calories, though we recognize that the sources of carbon atoms included in collagen are in need of further investigation.
The carbon stable-isotope ratio in bone collagen is not identical to the diet-isotope ratio; rather, a fractionation occurs between diet and bone collagen. This results in a 1'3C value in bone collagen that is more positive than the value in the diet. There remains some uncertainty concerning the actual magnitude (Vogel [1978] vs. DeNiro and Epstein [1978] and Bender et al. [1981] ), and whether the fractionation factor is constant across all diets (Bumstead 1983) . For the purposes of this study, in making rough estimates of diet composition, the fractionation factor is assumed to be 5%oo. This value was observed in field studies (Vogel 1978) , and commonly is used in human diet studies. The fractionation value of + 57%o is added to the diet value to obtain the delta value expected in the bone collagen of a person eating such a diet as shown at the bottom of Table 4 .
The estimate for nitrogen was made in a different way. Nitrogen atoms are located only in protein. For that reason, the protein contribution of each food item to the total diet was estimated from a nutrition table (Watt and Merrill 1973) . In calculating expected L5'N values, the delta value of each food item was multiplied by the percent protein in the food type in order to estimate the contribution of that food item to the diet as a whole. Thus, the calculation was: .34(+7.0) + .06(+5.6) + .31(+3.9) + .29(+6.8), or 2.4 + .3 + 1.2 + 2.0 as shown in Table 4 .
As with carbon-isotope ratios, the bone collagen nitrogen-isotope ratio is not identical to the diet Table 4 , a fractionation value of + 3%o is added to the diet value to obtain the delta value expected in the bone collagen of a person eating such a diet.
The actual values obtained in the analyses of the collagen were close to the collagen values expected from a diet like that illustrated in Table 4 . In all but Period VI, the average 613C values fall between -7.8 and -7.5%oo, and in all periods the average 6'sN value falls in a range of +8.8 to +9.3%0o.
In order to determine which other hypothetical diets also closely match with the bone values, and to identify which diets clearly mismatch with the bone values, a technique was developed to evaluate diets. Hypothetical diets were constructed by systematically varying maize from 50 to 90 percent of the diet in 5 percent increments, nonmaize plants from 0 to 40 percent in 5 percent increments, and bison and mule deer from 0 to 20 percent of the diet in 1 and 2 percent increments. Total meat never fell below 10 percent of the dietary calories. We then calculated the degree to which diet-isotope values deviated from the bone mean stable-isotope values. Diets were ranked from most similar to most divergent based on this deviation. We have assumed that diets within approximately one deviation of the bone-chemistry values are most likely to have been characteristic of the Pecos population. The specifics of this approach are discussed in the Appendix.
Comparisons were made between diet and bone composition values for Periods II and VI of occupation at Pecos. As Table 2 indicates, Period II is representative of the pre-Period VI diets. Table 5 It should be noted that we do not expect that climatic deterioration was the cause of reduced maize availability to Pecos. A severe, prolonged drought in the latter half of the 1500s, as well as a number of prior droughts in the 1200s and 1400s (Dean and Robinson 1977) , are not reflected in changes in maize consumption in the Pecos skeletal material.
In conclusion, using bone-chemistry data, we have tested two hypotheses concerning changes in Pecos Pueblo diet that were derived from a computer simulation model, ethnohistoric data, and a minimum of archaeological information. The hypothesis concerning the impact of Spanish colonization was supported, while the hypothesis concerning the effect of Plains-Pueblo trade was not supported by the human skeletal data. Some clarification of the discrepancy between the bonechemistry data and the data upon which the trade hypothesis was based would be possible with quantified floral and faunal information from Pecos. A comprehensive dietary analysis necessitates all three components: floral, faunal, and human skeletal data.
In the near future a study of another large, eastern border pueblo, Gran Quivira, will be undertaken. Fortunately, recent excavation and analyses of floral and faunal material at this site will allow more direct comparisons between food remains and human skeletal data than was possible at Pecos. As with Pecos, there is an extensive skeletal sample spanning its entire 300-year occupation. Research will be designed to test the hypotheses developed during the Pecos study, and also to determine whether the diet of the Gran Quivirans was similar in content to that of Pecos.
Issues that bone-chemistry analysis can address in the Southwest are by no means limited to the Plains-Pueblo border area. For example, comparisons between Plains border pueblos, such as Pecos and Gran Quivira, and pueblos to the west can be made. Preliminary faunal (Spielmann, unpublished data) and human bone-chemistry data (1) For each period, the bone stable-isotope mean was subtracted from each corresponding diet-isotope valuefor N: 9.24 -8.9 = .34; and for C: -7.49 -(-7.5) = .01.
(2) The remainder was divided by the standard deviation for the bone stable-isotope mean. This resulted in a separate "score" for carbon and nitrogen for each diet-for N: .34/.6 = .57; and for C: .01/.3 = .03. 
